Dysregulation of mitochondrial function often precedes malignant transformation of hematopoietic stem cells (HSCs). Mitochondria have a direct role in the maintenance of HSC functions. For example, D-2-hydroxyglutarate, generated due to the activity of mutated mitochondrial isocitrate dehydrogenase (IDH), has been implicated in the pathogenesis of leukemia. Furthermore, disturbances in the fatty acid breakdown and pyruvate oxidation are often seen in leukemic cells. These and other abnormalities expedite leukemogenesis and chemoresistance of leukemic cells. However, it needs to be elucidated whether these aberrations are the result or cause of leukemogenesis. Accordingly, for this review, a search was carried out in PubMed and Google Scholar databases until June 2019 to assess the relationship between metabolic pathways in altered mitochondria and leukemia development. In the present review, an overview of mitochondria-related mechanisms and their abnormalities in leukemia is presented, with mitochondrial pathways and factors, such as mitophagy, intermediary metabolism enzymes, oncometabolites and reactive oxygen species' generation, discussed as potential diagnostic and therapeutic targets in leukemia.
INTRODUCTION
Mitochondria are involved in adenosine triphosphate (ATP) generation as well as in other essential cellular processes, such as apoptosis, metabolite synthesis, free radical generation and regulation of redox status. [1, 2] The structural and biochemical features of mitochondria fluctuate in response to alterations in cellular physiology, [3, 4] and any disturbances in mitochondrial processes may lead to dysfunctional and/or damaged mitochondria and disrupt normal cellular functions, which may initiate or aggravate pathophysiological conditions including cancer.
Leukemias are a group of highly heterogeneous cancers of the blood characterized by the excessive proliferation of immature or mature cells of lymphoid or myeloid origin in the peripheral blood and bone marrow [ Table 1 ]. Leukemic cells develop from hematopoietic stem cells (HSCs), which are rare cells with self-renewal and multilineage differentiation capacity, through multiple and progressive genetic aberrations. [5, 6] Although several review articles have discussed individual pathways and/or mechanisms of mitochondrial function in HSCs and leukemia, a review article that considers mitochondria as the central focus is lacking. Therefore, the purpose of the present review is to present a holistic view of the significance of mitochondria in leukemia. PubMed and Google Scholar databases were searched until June 2019 according to the following strategy: mitochondrial pathways and factors, e.g., mitophagy, intermediary mitochondrial metabolism, oncometabolites, reactive oxygen species (ROS) generation and drugs that target the abnormal mitochondrial DNA (mtDNA) for treating leukemia. A total of 315 pertinent and contemporary studies were found, of which 192 met the initial criteria. Full-text articles were assessed if their titles had (1) leukemia in relation with mitochondrial genome; (2) mitophagy in leukemia; (3) apoptosis in leukemia; (4) intermediary mitochondrial metabolism in leukemia; (5) hypoxia and ROS in leukemia or (6) drugs targeting abnormal mtDNA for the treatment of leukemia. A total of 69 articles were identified. These articles were critiqued using critical reading and writing approaches. Author information, publication date, mitochondrial pathway and factor information were extracted from each relevant study and tabulated. After the initial data extraction, each category was grouped.
MITOCHONDRIAL GENOME AND LEUKEMIA
Mitochondria are unique cell organelles as they contain their own genome, also known as mitochondrial DNA (mtDNA). The replication and transcription of mtDNA are carried out in the displacement loop or D-loop region. Alterations of this region can have a significant impact on gene expression, with somatic mutations leading to a disruption in the electron transport chain.
This increases the presence of ROS, leading to increased oxidative damage during cancer progression. [7, 8] The D-loop region is a regulatory region of mtDNA that is involved in replication and transcription and contains three hypervariable regions: HV-I, 16024-16383; HV-II, 57-372; and HV-III, 438-574. In the D-loop of pediatric acute myeloid leukemia (AML) patients, 1490 variations have been found at 237 positions. [8] Another study corroborated the association between the T16311C variation and poor prognosis in AML patients and found it to be the most frequently occurring (20%) single nucleotide polymorphism among these patients. [9] In the same study, increased nonsynonymous variations in cytochrome c oxidase-I and II (COX-I and COX-II) genes were also observed in AML subjects. [9] However, in a study by Zhou et al., [10] no association was found between 2630 variations at 232 locations in the D-loop region and AML, except for T152C.
Mitochondria are essential for AML progression, a hypothesis supported by the higher mtDNA biosynthesis in AML blasts compared with normal hematopoietic cells. [11] Polymorphisms around H-strand replication origin (O H ) and a conserved sequence block II were observed in acute lymphoblastic leukemia (ALL) and associated with disease burden and therapeutic response. [12] Recently, Kodroń et al. [13] found a unique 3688G>A variation in ALL and its level varied in response to chemotherapy, making it a potential biomarker for monitoring the chemotherapeutic response in ALL [ Figure 1 ].
In a study with a large cohort, it was seen that there was a strong positive association between a higher mtDNA copy number and chronic lymphocytic leukemia (CLL). [14] Recently, the same research group presented additional evidence and observed this association to be more pronounced among male smokers. [15] Finally, imatinib resistance in chronic myelogenous leukemia (CML) is associated with higher mtDNA instability and ROS levels. [16] MITOPHAGY AND LEUKEMIA Mitophagy refers to mitochondrial degradation, necessary for recycling of senescent or removal of damaged mitochondria. [17] Dysregulated mitophagy may result in hematological malignancies. [18] This is shown by haploinsufficiency of Beclin-1 leading to lymphoproliferative diseases, while invasive myeloproliferative diseases can be caused by defective autophagy-mediated through deletion of autophagy-related protein 7. [19] Mutations in various autophagy-related genes have been associated with hematological malignancies. Aberrant expression of the BNIP3 and BNIP3 L genes has been observed in leukemic cell lines and AML. [20] WIPI-1 and WIPI-2 expression were found to be significantly reduced in AML and acute promyelocytic leukemia, respectively. [21] Mutations in FMS-like tyrosine kinase 3-internal tandem duplication (FLT3-ITD), common in AML cases, result in constitutive activation of FLT3 and promote leukemic cell proliferation and survival. [22] On drug-induced inhibition of FLT3-ITD signaling, ceramide synthesis gets activated and results in selective mitophagy and leukemic cell death. Mechanistically, dynamin-related protein 1 (Drp1) gets activated following protein kinase A (PKA) deactivation, and PKA is one of the downstream effectors of the FLT3-ITD-dependent oncogenesis. [22] Therefore, pharmacological targeting of FLT3-ITD might promote mitophagy. In contrast, Heydt et al. [23] reported increased basal autophagy in FLT3-ITD cells.
In addition, aberrant mitophagy (and/or autophagy) signaling pathways have also been seen in several hematological malignancies. The phosphatidylinositol-3-kinase/AKT (PI3K/Akt) and the mammalian target of rapamycin (mTOR) intracellular signaling pathways (PI3K/Akt/mTORC1) are important in regulating cell growth, as they repress mitophagy, which is abnormally activated in AML patients. However, the role of mitophagy in the pathogenesis of AML remains controversial. [24] Similarly, elevated notch signaling, which regulates autophagy and mitochondrial remodeling in murine HSCs, resulted in low autophagy and a preleukemic phenotype, and abrogation of elevated notch signaling restored the HSC function and multilineage differentiation potential. [25] APOPTOSIS AND LEUKEMIA Alteration in apoptosis may have a critical role in the pathogenesis of myelodysplastic syndrome (MDS) and MDS to AML transformation, as increased proliferation, but not reduced apoptosis, is characteristic of the transformation stage, whereas increased apoptosis is a predominant feature of early-stage MDS. [26] In addition, mutations in apoptotic proteins are associated with chemoresistance and increase in tumor aggressiveness. [27] Double-stranded RNA-dependent protein kinase (PKR) is a mediator for the antiproliferative effects of cellular stresses in HSCs. When activated, it inhibits proliferation and initiates apoptosis by phosphorylating eukaryotic initiation factor 2α. A decrease in PKR has been observed in several malignancies including leukemia, resulting in decreased activity of protein phosphatase 2A (PP2A), a BCL2 phosphatase, and consequently, enhanced BCL2 phosphorylation and activity. Activated PKR is required for PP2A activation, which in turn regulates the intrinsic pathway of apoptosis through dephosphorylation of BCL2. [28] A G(-248) A polymorphism in BAX and a C(-717)A polymorphism in BCL2 have been observed in diffuse large B-cell lymphoma patients and are associated with reduced survival through increased chemoresistance. [29] Increase in BAX and BCL2 levels correlate with poor outcome in AML as well, although there is conflicting evidence, with some studies showing a positive relation, some showing a negative relation and some showing no relation. [30] , [13] after permission for use)
Polymorphisms in the BCL2L11 gene, coding for pro-apoptotic BIM (a proapoptotic member of BCL2 protein family) protein leads to decrease in the overall survival of children under chemotherapy for ALL. [31] BIM deletion/polymorphism promotes inferior response and intrinsic resistance to tyrosine kinase inhibitors in CML patients. [32, 33] Moreover, a minimal relationship was found between the induction of a therapy response in B-cell precursor ALL and deletion polymorphism of BIM mutation. [34] Low MCL-1 levels are required for complete remission in CLL, as high levels of this prosurvival protein are implicated in the development of CLL and in resistance to therapy. Hence, MCL-1 levels are directly related to the survival rates of patients. [35] In addition, various studies have pointed out the significance of the antiapoptotic and proapoptotic protein ratio in predicting disease progression, therapy response, prognosis and overall survival in leukemic patients. Low Bax/Bcl-2 ratio is accompanied by a relapse of ALL among pediatric patients, [36] and a decrease in the Bcl-2/Bax ratio is indicative of the response to chemotherapy in CLL patients. A recent study reported that a Bax/Bcl-2 ratio of >1.5 is associated with a low-risk profile in CLL, and an elevated Bcl-2/Bax ratio negatively correlates with the lymphocyte doubling time in CLL. [37] A Bcl-2 promoter region polymorphism is more reliable than the BAX gene promoter polymorphism in any ALL scoring system. [38] 
INTERMEDIARY MITOCHONDRIAL METABOLISM AND LEUKEMIA
A metabolic shift from tricarboxylic acid (TCA) cycle to fatty acid oxidation (FAO) has been observed in leukemic cells and is associated with increased proliferation, while amelioration of FAO resulted in apoptosis [ Figure 2 ]. [39, 40] This corresponds to the upregulation of carnitine palmitoyltransferase 1A (CPT1A) that catalyzes the rate-limiting step of β-oxidation in mitochondria in AML cells. [41] Leukemic cells activate FAO not only by increasing the activity of CPT1 but also by downregulating its negative regulator malonyl CoA, which is synthesized by acetyl-CoA carboxylase. [41] Interestingly, hexokinase-II, glucose transporter-1, lactate dehydrogenase (LDH) and hypoxia-induced factor 1α (HIF-1α) have been found to be upregulated in AML patients with no remission compared with AML patients with complete remission. [42] Several other enzymes of the TCA cycle also have been associated with leukemic progression. Fumarate hydratase 1, which converts fumarate into malate, is essential for the development, but not maintenance, of leukemia-initiating cells in MEIS1/Hoxa9-driven leukemia. [43] Pyruvate carboxylase catalyzes carboxylation of pyruvate to oxaloacetate; the first reaction of gluconeogenesis is highly activated in the AML K562 cell line. [44] Mutations in fumarate hydratase, IDH and succinate dehydrogenase result in accumulation of fumarate, 2-oxoglutarate and succinate, respectively. In turn, this inhibits ten-eleven translocase (TET) that converts 5-methylcytosine to 5-hydroxymethylcytosine, which epigenetically regulates the relevant genes in AML. The importance of balancing these cytosines is shown by how mutations in TET-2 are implicated in AML. [45] Defects in the proteins of the electron transport chain are responsible for the dependency of leukemic cells on the glycolytic pathway for energy requirement and are associated with poor prognosis. For example, β-F1-ATPase (part of complex 5 of the respiratory chain) is downregulated in AML patients with no remission compared with patients with complete remission, indicating that low activity of ATP synthase in leukemia may be associated with poor prognosis. [42] IDH is often mutated in AML and MDS. [46] Three isoforms of IDH are present inside the cell: nicotinamide adenine dinucleotide phosphate (NADPH)-dependent IDH1 and 2 and NADH-dependent IDH3. IDH1 is present in the cytoplasm and peroxisomes, while IDH2 and 3 reside in the mitochondria. IDH1 mutations are usually associated with solid malignancies, while IDH2 mutations are more common in hematological malignancies; associations of IDH3 mutations have not yet been reported. [47] In addition to acting as a TCA cycle enzyme, IDH has multiple functions such as HIFs degradation, regulation of cellular redox state, histone demethylation and DNA modification.
Mutated IDH has neomorphic activity that converts 2-oxoglutarate (2-OG) into 2-hydroxyglutarate (2-HG). [48, 49] Furthermore, demonstration of 2HG production is the common feature of IDH1 and IDH2 mutations, and the measurement of 2HG levels allows the identification of additional IDH mutations in AML patients. [50] These metabolites normally exist in cells in small quantities and increase by more than 100 folds in case of IDH mutation. Owing to structural similarity with 2-OG, R-2-HG competitively inhibits 2-OG-dependent enzymes, including the Jumonji domain-containing group of histone lysine demethylases and TET family of 5-methylcytosine hydroxylases. This results in genome-wide alterations in the DNA, and thus abnormal gene expression. R-2HG also stabilizes HIFs by inhibiting prolyl hydroxylases, indicating that, in hematological malignancies, enzymes participating in epigenetic regulation are also targets of R-2HG. [48, 49] 
HYPOXIA AND LEUKEMIA
The hypoxic environment of the bone marrow niche is essential for maintenance and quiescence of HSCs. HIFs play a major role in maintaining HSCs as deletions in these factors result in increased proliferation and decreased self-renewal capacity of HSCs. HIFs are activated during hypoxia. [51] In addition, oncometabolites such as fumarate and succinate and the glycolytic end products pyruvate and lactate stabilize HIF-1α by allosteric inhibition of prolyl hydroxylase. The activated HIF-1α translocates to the nucleus and heterodimerizes with aryl hydrocarbon receptor nuclear translocator (a subunit of HIF-1). This activates the transcription of the glucose transporter and glycolytic enzyme genes and represses proteins of mitochondrial respiration, thereby promoting preferential aerobic glycolysis. [51, 52] The most prominent enzymes induced by HIF-1α are LDHA and pyruvate dehydrogenase kinase-1 (PDK1). [47] PDK1 plays an important role in regulating glucose and fatty acid metabolism and homeostasis through phosphorylation of the pyruvate dehydrogenase subunits 1 and 2, resulting in its inactivation. Inhibition of pyruvate dehydrogenase activity results in regulation of metabolite flux through the TCA cycle with downregulation of aerobic respiration and inhibition of acetyl CoA formation from pyruvate.
The deletion of LDHA leads to the inhibition of function of HSCs and hematopoietic progenitor cells. A decrease in PDK decreases suppression of oxidative phosphorylation. PKD1 is an important enzyme of the glycolytic pathway and regulates the flux of pyruvate from cytoplasm to mitochondria. It is overexpressed in cancer cells and induces apoptosis resistance. It has been found that 2,2-dichloroacetophenone (PKD1 inhibitor) increased apoptosis induction in AML cells and inhibited leukemic growth in a mouse AML model. [52] In addition, murine HSCs with higher ROS production have a decreased self-renewal capacity due to the inhibition of p38 mitogen-activated protein kinases (which is responsive to stress stimuli and involved in cell differentiation and apoptosis) and mTOR pathways. Increased ROS production has been described in AML, CML and MDS. [52] HIFs have a controversial role in solid tumors, with some studies indicating that it has no role in solid tumors, while others supporting an oncogenic activity of HIFs. [53] Solid tumors offer hypoxic microenvironments, which upregulate HIFs that promote cancerous growth by increasing ATP generation through aerobic glycolysis, decreasing cellular oxygen requirement and increasing ROS generation. Therefore, high HIF levels in solid cancers are considered a marker for poor prognosis. Increased levels of HIFs have also been reported in almost all major types of leukemias and MDS. [54] However, the role of HIFs in leukemogenesis is debatable. A study showed a tumor-suppressive role of HIF-1α, as its loss resulted in disease aggravation in a murine AML model, while in a human study, the effects of HIF-1α deletion were found to have no effect on AML progression. Furthermore, conditional deletion of HIF-2α was shown to accelerate the development of leukemic stem cells and shorten the AML latency, and this effect was further strengthened by [39] after permission for use) b a codeletion of HIF-1α. [54] The controversial role of HIFs in leukemogenesis is further highlighted by the contrasting results of two studies, wherein one study demonstrated the pro-leukemogenic role of HIFs in APL and another study revealed that suppression of HIF-1α delays leukemia progress. [55] In addition, ectopic expression of HIF-2α accelerates leukemic cell proliferation in mouse models, but higher expression of HIF-2α in human leukemia cells is not associated with poor prognosis. [56] REACTIVE OXYGEN SPECIES AND LEUKEMIA ROS are a heterogeneous group of molecules produced by the electron transport chain in the mitochondria or NADPH oxidases. They play an important role in various cellular processes, including an antimicrobial role during phagocytosis. However, their excessive production is implicated in pathological processes and leads to a state of oxidative stress. A state of chronic oxidative stress has been found in many hematopoietic malignancies, including AML, ALL, MDS and CML. [57] Cells have an antioxidant system to control ROS levels in cell organelles, cytoplasm and even in the extracellular space. Superoxide dismutase reduces O 2
•− to H 2 O 2 , which is further reduced to water by glutathione peroxidase in the mitochondria at the expense of reduced glutathione and NADPH. [58] High levels of H 2 O 2 are often seen in cancer cells, where it may induce DNA damage and malignant cellular transformation by either activating an oncogene or deactivating a tumor-suppressor gene. In addition to genotoxicity, H 2 O 2 also affects cellular proliferation and migration by mediating intracellular signaling. Consistently high ROS levels are detrimental to even cancer cells; therefore, ironically, cancer cells have better antioxidant defense mechanisms to counter the high ROS levels. [52] Several studies have implicated ROS in the initiation, progression and chemoresistance of leukemia. There are conflicting reports regarding the source of elevated ROS levels in leukemic cells and have been variously attributed to NADPH oxidases in CML and other mitochondrial enzymes in CLL, [59] whose levels are regulated by protein kinase C epsilon. Low ROS level is essential to keep HSCs in the quiescent state, and ROS generation in these cells is tightly regulated. Nuclear factor erythroid 2-related factor 2 (Nrf2), forkhead box O (FOXO) and ataxia telangiectasia mutated (ATM) are major factors that control the level of ROS by inducing antioxidant enzymes. [60] Nrf2 is a global regulator of the oxidative stress response and is expressed constitutively in HSCs and regulated by Kelch-like ECH-associated protein 1 (KEAP1)-mediated degradation under physiological conditions. [61] Murakami et al. [61] observed that high expression of Nrf2 in KEAP1-deficient mice commits HSCs to the granulocyte-monocyte lineage at the expense of the erythroid-lymphoid lineage, although the underlying mechanisms are not known. Moreover, increased Nrf2-mediated signaling has been identified in AML and CLL cells. FOXO transcription factors, typically known as the longevity factors, also keep ROS levels in check in HSCs. [62] They activate antioxidant enzymes and DNA repair enzymes and/or repress mitochondrial respiration. Apart from regulating ROS levels, they have also been implicated in a variety of cellular processes such as apoptosis, cell cycle arrest, immune response, metabolism, stress resistance and longevity. Conditional deletion of FOXO in HSCs increased ROS generation and HSC depletion, indicating their essential role in HSC function. [62] Recently, Kazlov et al. [63] observed phosphorylation changes in 2716 proteins following oxidative damage and identified 11 candidate cytoplasmic proteins regulated by ATM. In addition, somatic as well as germline mutations were identified in the ATM gene in a significant number of CLL cases with the 11q deletion, along with mutated TP53 and 17p deletion. However, no strong role was seen between ATM mutation and function. [64] Taken together, the hypoxic environment is important for maintaining HSCs quiescence and self-renewal, while ROS-mediated signaling promotes HSC differentiation. Oxidative stress leads to HSCs senescence and loss of self-renewal capacity and quiescence as well as leukemogenesis [ Figure 3 ]. [65] 
CLINICAL IMPLICATIONS
Recently, new drugs have been developed that target the abnormal mtDNA for treating different types of leukemia. One such drug is enasidenib (Idhifa), which targets IDH2, and was approved in 2017 by the US Food and Drug Administration (FDA) for the treatment of adult patients with relapsed or refractory AML. [66] Similarly, in April 2016, Venetoclax (ABT-199), an orally bioavailable inhibitor of Bcl-2 and a BH3-mimetic, was approved by the FDA for the treatment of CLL patients with 17p deletion, [67] and in November 2018, it was approved for the treatment of AML in patients aged ≥75 years. [68] In addition, Midostaurin, a small-molecule kinase inhibitor with activity against the receptor tyrosine kinase FLT3, targeted agents for the treatment of molecularly defined subtypes of AML. [68] Vitamin C has also used in the treatment of TET2-mutated patients. TET-mediated DNA oxidation induced by Vitamin C treatment in leukemia cells enhances their sensitivity to poly ADP ribose polymerase inhibition and could provide a safe and effective combination to block leukemia progression. [69] 
CONCLUSION
Proper functioning of the mitochondria is crucial to HSC function, and any aberration may result in pathological conditions, including cancer. However, the metabolic cues or signals that initiate the abnormalities in HSC mitochondria are still obscure. Although there is ample evidence regarding the role of mitochondria in tumorigenesis, its relevance in hematological malignancies has only recently been elucidated. Despite the significant mitochondrial abnormalities seen in leukemic cells, its role in leukemogenesis and progression is relatively unknown. The increased risk of developing hematological malignancies relative to increased mtDNA copy number and nonsynonymous sequence variation of D-loop region of the mitochondria needs to be validated on large and multiethnic populations at various centers. Finally, mitochondrial pathways and factors, e.g., mitophagy, intermediary metabolism enzymes, oncometabolites and ROS generation, need to be studied further as potential diagnostic and therapeutic targets in leukemia. [65] after permission for use). HSC -Hematopoietic stem cell; LSC -Leukemia stem cell
